Electrolyte stability against oxidation is one of the important factors limiting the development of high energy density batteries. HOMO level of solvent molecules has been successfully used for understanding trends in their oxidative stability but assumes a non-interacting environment. However, solvent HOMO levels are renormalized due to molecules in their solvation shells. In this work, we first demonstrate an inexpensive and accurate method to determine the HOMO level of solvent followed by simple descriptors for renormalization of HOMO level due to different electrolyte components.
The current state of the art lithium ion batteries do not meet the requirements for energy storage in terms of cost, energy content, cycle life and charging time. To meet the requirement for electric vehicle and grid storage applications, we need batteries which can deliver higher specific energy and energy density at cell level. To achieve such high specific energy and energy density, two major approaches have been employed to improve the current cathode: 1) One of the major factors limiting the use of high voltage cathode materials has been the lack of electrolytes which are stable against oxidation at these high cathode potentials.
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Li-O 2 batteries are also significantly affected by solvent degradation resulting from reactions with Li 2 O 2 and O − 2 existing in the cathode and electrolyte respectively. 10, 11 The solvents oxidative stability is dependent on the environment including the all the electrolyte species and electrode surfaces. 12, 13 Additives added to the electrolyte to form a good SEI at the anode, for non-flammability and increasing ionic conductivity influence the solvation shell of the solvent molecules. Thus while designing new solvents and additives, we need to be ensure the additives do not affect the solvent's oxidative stability negatively. To search for new electrolyte components that are stable against oxidation, we need a fast and reliable method based on simple descriptors.
Oxidative stability of a molecule is primarily dependent on the relative position of its highest occupied molecular orbital level (HOMO) to the chemical potential of the cathode.
7
HOMO level of the molecule specifically refers to the HOMO level in presence of molecule's neighbouring environment which includes the solvation species and the cathode surface.
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Recent work has shown that for various battery electrolytes, oxidation involves interactions between multiple species such as the anions and other solvent molecules implying that the solvent's HOMO is renormalized under solvation. [14] [15] [16] Thus studying this renormalization due to different molecules becomes of utmost importance. Previous literature has also shown 
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These methods are either computationally expensive or require input parameters such as dielectric constant, cavity size, molar volumes and experimental Gibbs solvation energies.
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Here, we use simple GGA level DFT calculations and model solvation explicitly to determine the relation between the renormalization of the HOMO level of the solvent and the Gutmann HOMO level is computed as the negative of the ionization potential (IP) as given by the Koopman's theorem. 33 Self-Consistent DFT calculations were used to compute the IP of different solvent molecules with and without solvation. DFT calculations were done using the real space projector-augmented wave method as implemented in the GPAW code.
34,35
For all calculations, the converged force was < 0.05 eV/Åand a Fermi smearing of 0.01 eV was used. Based on the calculations done by Rostgaard et. al., DFT energies of the neutral and charged solvent molecules can used to calculate IPs of solvents and solvated complexes with an accuracy better than the GW and MP2 methods which are very expensive computationally. 36 We use PBE exchange correlation functional 37 for the DFT calculations as it provides the highest accuracy in predicting IPs of the simulated list of solvents. The solvent molecules are first converged and relaxed in a vacuum space of 10Å in all directions. This is followed by the relaxation of the same molecule with a positive charge in a vacuum space of 10Å in all directions. The IP is calculated as the energy difference of the charged and neutral species.
To validate the accuracy of our method of calculating IP, we calculated IPs for 34 solvents from the Stenutz dataset, with known experimental IPs. The DFT derived IPs agree well with the experimental values with a mean absolute error(MAE) of 0.12 eV as shown in Fig. 2 . Thus, this method should yield reliable estimates for IP of different molecules and complexes.
The next step is to calculate the IP of solvent in the solvation environment of cations and anions. As discussed before, it is known that the oxidative stability is reduced primarily due to anions and we will focus on this effect in this work. 22 We have considered two cases,
(1) The solvent is solvated by a single anion and (2) the solvent is solvated by the Li-anion ion pair.
The complex of the given solvent-anion pair was constructed such that the geometry maximized the interaction between the negatively charged atoms of the anion and the acidic hydrogen atoms of the solvent molecule. This configuration was chosen because it has been shown previously that the anion-solvent interaction is primarily dominated by H-bond interactions. 38 For the solvent-ion pair complex, the configuration considered had the same solvent-anion structure with Li + added on the other side of the solvent. The complex structure was relaxed in a 10Å in all directions. A positive charge was placed on the complex and it was allowed to relax. As mentioned above, the energy difference of neutral and charged complex gave IP of complex. Bader charge analysis 39 was performed on the positively charged complex to confirm the oxidation of the solvent or the anion. To determine the partial charges, the vacuum charge density was set to zero in the Bader analysis. If the solvent is oxidized, then the renormalization is calculated as the difference in the IP of the the molecule and the solvated complex. Otherwise, the difference is calculated with respect to the IP of the anion. The IP of the anions was also calculated using the same method to determine their oxidative stability. By definition, the IP of the anion is negative of the electron affinity(EA) of the corresponding neutral specie. We find that the EAs compare well with experimental results as shown in Table 1 . The IP of the anions is lower than all the considered solvents, which implies that the anions would likely oxidize much earlier than the solvent. However, the corresponding Li + -anion ion pairs are more stable against oxidation compared to the solvents as seen in Table 1 . Hence in general cations in the solvation shell will result in increase of oxidative stability of the molecule. The considered anions probably exist as ion-pairs and hence will be more stable against oxidation compared to the solvents.
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For the Bader analysis, we consider the solvent completely oxidized if it has a net charge on it is greater than 0.6 and the anion completely oxidized if the charge on the anion is less than -0.4. All other cases are treated as co-oxidation of the anion and the solvent. Most anion ion-pairs oxidize before water and methanol due to their high ionization potentials, while in other cases solvents oxidize before the Li-anion ion-pairs. 
The second model is based on a geometric mean of the interaction strength. Here we assume that the renormalization is proportional to the electrostatic interaction energy between the two species. The DN is the electron donating tendency of a molecule and is related to the negative partial charge of the molecule. Similarly the AN is related to the positive partial charge of the molecule. Then the interaction energy could be correlated to the product of the DN and AN of the corresponding species. Among the considered models, geometric mean,
given by:
gives the best fit for the data.
The coefficients for these models were trained using 32 DFT calculations covering binary Using the models, we also derive a contour plot for easily calculating the renormalization as a function of the AN and DN of the respective species as shown in Fig. 5 . In the standard Li-ion battery electrolyte comprising of EC and LiPF 6 , the PF − 6 would reduce EC's stability by 0.65 V and another EC molecule will reduce it by 1.14 V. These values are very close to the ones calculated using Quantum Chemistry based methods.
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We have shown in an earlier work that larger DN of the electrolyte salt anion and larger AN of the solvent leads to increased solvation and in turn increased solubility of the Li salt. 41, 42 However, we find that this leads to a reduction in oxidative stability of the solvent. So, to avoid the issue of reduction in stability, it is necessary to use low AN solvents such as ethers, esters, carbonates, etc and low DN salts such as LiPF 6 , LiTFSI, etc. This now provides a rational basis for modifying electrolyte constituents in current Li-ion batteries.
In the context of Li-O 2 batteries, the stability of the solvent will also be affected by the superoxide anion (O − 2 ) which is generated during the discharge and charge processes. 
